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AERONAUTIC SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 
Abbrevia- Abbrevia-Unit tiou Unit tion 

Length ____ ___ l meteL ______________ ___ m foot (or m ile) _________ ft . (or mi.) 
Time __ __ __ ___ t second ____ __ ____ ____ ___ s second (or hour) _______ sec. for hr.) 
Force _________ F weight of 1 kilogram _____ ko-

0 
weight of 1 pound _____ lb. 

Power. _______ p -, horsepower (metr ic) ______ ---------- horsepower __ __ _______ hp. 
Speed _________ y l{kIlometers per hour ___ ___ k.p .h. miles per hOuL _______ m.p .h. 

meters per second ___ ____ m.p .s. feet per second ________ f.p.s. 

2. GE NERAL SYMBOLS 

Weight= mg 
Standard acceleration of gravity = 9.80665 

m/s2 or 32.1740 ft. /sec.2 

W Mass = -
g 

Moment of inertia = mk2
• (Indicate axis of 

radius of gyration k by proper subscript. ) 
Coefficient of viscosity 

II, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg_m-4_s2 at 

15° C. and 760 mm ; or 0.002378 Ib .-ft.- 4 sec.2 

Specific weight of "standard" air, 1.2255 kg/m3 or 
0.07651lb ./cu.ft. 

3. AERODYNAMIC SYMBOLS 

Area 
Area of wing 
Gap 
Span 
Chord 

..:1spect ratio 

True air speed 

Dynamic pressure = ~p l' 

Lift , absolute coefficient C) :s 
Drag, absolute coefficient 0 D = :!s 
Profile drag, absolute coefficient OD. = ~S 

Induced drag, absolute coefficient OD; = ~S 

Parasite drag, absolute coefficient OD = DSp • q 

Cross-wind force, absolute coefficient Oc = q~ 
R.esul tant force 

~w, Angle of setting of wings (relative to thrust 

it, 

Q, 
!t, 
Vl 

p- , 
f.L 

,)" 

line) 
Angle of stabilizer setting (relative to thrust 

line) 
Resultant moment 
Resultant angular ve.locity 

Reynolds Number, where l is a linear dimension 
(e.g., for a model airfoil 3 in . chord, 100 
m.p.h. normal pressure at 15° C., the cor
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s. the correspondmg 
number is 274,000) 

Center-oI-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 
Angle of downwash 
Angle of attack, infinite aspect ratio 
Angle of attack, induced 
Angle of attack, absolute (measured from zero

lift position) 
Flight-path angle 
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REPORT No. 493 

THE PHYSICAL EFFECTS OF DETONATION IN A CLOSED CYLINDRICAL CHAMBER 

By C. S. DRAPER 

SUMMARY 

Detonation in the internal-combustion engine is studied 
as a physical process. It is shown that detonation is ac
companied by pressure waves within the cylinder charge. 

Sound theory is applied to the calculation oj resonant 
pressure-wave jT'equencies. 

Apparatus is described jor direct measurement oj 
pressure-wave jrequencies. 

Frequencies determined jrom two engines oj different 
cylinder sizes are shown to agree with the values calcu
latedjrom sound theory. 

An outline oj the theoretically possible modes oj vibra
tion in a right circular cylinder with fiat ends is included. 

An appendix by John P. Elting gives a method oj calcu
lating pressure in the sound wave following detonation. 

INTRODUCTION 

Detonation in the internal-combustion engine has 
received a vast amount of attention because of its im
portance in engine design dnd fuel selection. Discus
sion of the general subject has often been hampered 
by lack of a common definite understanding of the 
component parts of a complex process. Measurements 
carried out on a detonating engine must be of a physi
clll nature, whatever the ultimate conclusions reached. 
For this reason, a study of the exact nature of the 
physical processes involved should be of direct assist
ance in detonation research. 

If a firecracker is exploded inside a closed drum 
containing air, two effects naturally follow: A series 
of sound waves is set up by the sudden local increase 
in pressme at the explosion and the general pressme 
within the drum rises because of the energy liberated. 
The frequency of the resulting sound waves will depend 
on the dimensions of the drUID, the air pressme, and 
the position of the firecracker within the drum. It 
is reasonable to suppose that the process known as 
detonation in internal-combustion engines is similar 
to that taking place in the case outlined above. A 
sudden pressure rise in some part of the cylinder charge 
would correspond to the firecracker explosion and the 
resulting pressme waves would be analogous to the 
sound waves in the drum. This assumption is the 
basis of the physical picture used in the following dis
cussJOn. 

Work on a particular type of physical process is 
coordinated and simplified if the natmallaws control
ling the process can be discovered. Specializing this 
principle to the present case, the problem of detonation 
in its physical aspects will be reduced to relatively 
simple terms if it can be shown that the disturbances 
within the cylinder charge follow the simple laws of 
sound. The primary object of the work reported in 
this paper was to check the applicability of simple 
sound theory to the physical processes chl1racteristic 
of detonation. 

Simple sound theory (reference 1) is concerned with 
the pr~pagation of small distmbances through an 
elastic medium. The theory holds only for those cases 
in which pressure and density changes due to the 
passage of the wave are small compared to the pressure 
and density of the medium in its undisturbed state. 
If experiment indicates that pressme waves occmring 
during detonation follow the simple sound law, the 
necessary conclusion is that these changes are small 
compared to the pressme and density of the undis
turbed medium. 

Detonation considered from the physical point of 
view may be analyzed into two stages: (1) A sudden 
pressure rise in some part of the cylinder charge, 
which excites; (2) intense pressure waves within the 
charge. 

The first stage of the phenomenon presents two 
aspects: (a) a chemical process characterized by the 
very rapid reaction of a portion of the burning mix
ture; (b) a sudden local rise in pressure which is the 
physical counterpart of the chemical process. The 
chemical phase of the process is treated at length in 
reference 2. 

Measmements of detonation intensity made with 
an instrument such as the Midgley Bouncing Pin 
(see reference 3) depend upon the sudden initial pres
sure rise. The existence of this sharp pressure rise is 
unquestioned. However, it is much more difficult, 
from the standpoint of both theory and experiment, 
to treat sudden di continuou proces es than to 
handle the case of a series of waves having a simple 
wave form. For this reason, the first step in con
sidering the physical aspects of detonation was to 
study the second phase of the process. The material 
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presented here will deal with the pressure waves 
following the initial pressure rise rather than with 
the impulse itself. 

The work to be described was carried out at the 
Mas achusetts In titute of Technology under the 
supervi ion of Prof. O. F . Taylor. All experimental 
work was completed in the Internal Oombustion 
Engine laboratory with the cooperation of Prof. E. S. 
Taylor and Mr. G. L. Williams. Work on the prob
lem was started some years ago under the Sloan and 
Orane Automotive Fellowship Grants. 

P RELIMINARY EXPERIMENTS 

In the years 1928 to 1930 experiments were made 
with indicators in which the sensitive elements were 
carbon-granule microphones. The microphone units 
were coupled mechanically to tiff steel diaphragm . 
In all cn es the diaphragms were one-half inch in 
diameter. everal units were constructed, each with 
a different diaphragm thiclmess (tbickne s varied 
from 0.015 to 0.060 inch). These units were so 
designed that they could be screwed into an 18 mm 
spark-plug hole, the diaphragm being freely exposed 
to cylinder gas pressures. All tests were made in 
engines with heavy cast-iron cylinder walls, so that 
the effect of cylinder-wall vibrations were minimized. 
Sound records were also taken from a condenser micro
phone placed in the free air near the engine. Oscillo
graph records were made wi th the aid of a specially 
constructed instrument (reference 4). This oscillo
graph was adapted to record photographically the 
events of a succession of engine cycles on motion
picture film. Oheck runs made throughout the course 
of the work showed the recorded frequencies to be 
independent of the natural constants of the detecting 
and recording apparatus. These experiments led to 
the conclusion noted below: 

(1) In a thick-walled cylinder the indicators were 
sen itive to vibration transmitted through the ga of 
the cylinder charge, but not to cylinder-wall vibrations. 

(2) ound frequencies recorded by an external 
microphone are the arne a those shown by the indi
cator in contact with the cylinder gases. 

(3) Pre sure waves exist in the cylinder charge 
before knocking becomes audible. These pressure 
waves greatly increa e in inten ity when the charac
teri.stic sound of detonation appears. 

(4) For a moderate detonation intensity in a thick
walled engine cylinder using one spark plug, the 
recorded vibrations are of simple wave form. 

(5) The vibrations continue over a considerable 
portion of the power stroke. 

(6) The recorded frequency decreases, as the piston 
descends, by some 10 to 20 percent of its initial value. 

PRELIMINARY CO CLUSIONS 

Pressure waves will be set up in an elastic medium 
by any sudden local pressure change occurring in 

that medium. In detonation, the excitation of pres
sure waves is certainly due to an impulse, so the 
resulting wave sy tem will depend upon free vibra
tion of ome elastic system. 

Two possibilities present them elves: (1) The wave 
frequency may be determined by mechanical parts of 
the cylinder and head structure, or (2) res on nt 
frequency vibrations in the cylinder charge may be 
responsible for the observed results. 

In a thick-walled cylinder of cast iron the fir t 
source of vibration will be less prominent than for the 
case of a cylinder having thin steel walls. It seems 
improbable that changes occurring in an engine during 
the power stroke would greatly affect the natuml 
frequency of the mechanicttl structure. The theory of 
vibrating systems (references 5,6,7, and 8) shows that 
for a sy tem of unvarying mass, ela ticity, and damp
ing the frequency will be constant during a series of free 
vibrations . . The e considerations indicate that, in the 
engine, frequencies due to mechanical vibrations will 
probably be substantially constant. 

Resonant frequency pressure waves within the 
cylinder charge eArist in a medium under changing 
conditions of pressure, density, and boundaries. These 
changes will alter the frequency of any system of 
pressure waves that miLY exist in the medium. 

Experiment showed that for the thick-walled cylin
ders the records were of simple wave form with fre
quency decreasing during the power stroke. This 
result indicated that in the engine the pressure-wave 
frequency accompanying detonation was probably due 
to resonant frequency vibrations in the cylinder charge. 
The subsequent work was directed toward checking 
this hypothesis by use vf simple sound theory. 

THEORETI CAL CONSIDERATIONS 

WAVE EQUATION 

The general theory of elasticity leads to an equation 
for the motion of a small volume within the body of a 
continuous medium. If the general re ult is special
ized to the case of a fluid (i.e., a medium which will 
not support shear), the fundamental equation of 
hydro-dynamics appears. (ee reference 9.) olution 
of this equation for an elastic fluid under the 
restricted case of small cbanges in pressure and density 
le~ds to the wave equation in three dimensions. (ee 
references 1, 7, 9, and 10.) In rectangular coordinates 
the wave equation has the form 

(1) 

where <P is the velocity potential of ordinary bydro
dynamical theory, i.e. , if '/1" v, ware the velocity com
ponents along xyz, 

0<P O<P O<P 
'/1,= --, v ~ --,W= --, 

ox oy o z 
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and c is a constant which has the significance of phase 
velocity in the pressure wave. 

In general for any medium 

c2 =(dP) d p 0 
(2) 

p is pressure 

p is mass density 

and the zero subscript indicates that the derivative is 
to be taken under equilibrium conditions. 

If the medium behaves as a perfect gas, it is found 
experimentally that changes occurring in a pressure 
wave of small amplitude (pre sure change small com
pared to total pressure of the medium ) are so rapid 
that heat flow can be neglected and the process 
follows the adiabatic law. Under these restrictions 

where 

c= j-yPo 
-V Po 

_ Cp _ specific heat at constan t pre sure 
"1- O. - specific heat at constant volume 

WAVE EQUATIO N IN CYLI DRI CAL COORDINATES 

(3) 

For the study of pressure waves in an ela tic medium 
enclosed by a vessel with the hape of a right circular 
cylinder, it is convenient to u e the wave equation in a 
modified form. The change consi ts in replacing the 
rectangular coordinates x y z by the cylindrical 
coordinate r 0 z. With this alteration the wave 
equation b comes ( ee references 7, 9, and 11): 

i)2cp 1 i) cp 1 i)2cp i)2cp 1 i)2cp 

or2+r or +1=2 002+ i)z2=(?l:)t2 (4) 

This equation may be olved by eparation of he 
variable in the ordinary manner . (ee referen e 7 
and 11.) The solution may be written: 

<P= :Z[AsJ s({Jr) + 
B K ({3r)] [C?S (80)J [C?s (Pz) J [C? (27r'nt + f)J (5) 

s , m (80) sm (pz) m (27fnt + f) 

Where J .({37') is Bessel's function of the fir t kind and 
sth order 

K .({3r) is Bessel' function of t he second kind 
and sth order 

R2 _ 47f2n 2 
2 

fJ - ---;;x- - P 

c is the velocity of sound in the medium 

A., BB' ,p, nand f are con tan ts to be deter
mined. 

S OLUTIO N OF THE WA VE E Q UATIO FOR CA E OF CIR CULAR 
CYLINDER WITH FLAT E os 

In general, for any fixed clo ed vessel completely 
filled by an elastic medium, only certain ystem of 
standing waves may e».-i t after an initial disturbance 

has subsided, The characteristic wave systems are 
determined by the fact that at rigid boundaries, the 
veloci ty of the elastic medium must always be zero 
in a direction at right angles to the boundary. 

The wave equation solution in cylindrical coordinates 
may be fitted to the case of a right circular cylinder of 
l'adiu a with plane ends at z= O and z=h. The table 
below presents a summary of the conditions to be 
atisfied and the re ults on the wave equation. 

CONDITION 

: fini te everywhere B.=O 

RES U LT 

oCP 
o r = 0 when r=a a=a root of dJ

d
·({3a) =0 
I' 

<P at o=cp at (0+27f) 8=0,1,2 ... 

O<P Z= O 
- = 0 when oz z=h p=~~, g=O, 1,2 

(the cosine term must be 
used) 

If the e requirements are fulfilled, the solution b~
come (ee reference 1 and 7): 

sm (g7f ) <P=~. , 9, /lA s, 9, /lJ .({3r ) co (0) co 7i:Z co (2 7fnt ) ( ) 

for the ca e in which the pha e angle E, is made zero by 
a proper election of the initial in tanto In Equation 
(6) 

(7) 

(from reference 9). 
A few of the allowed values of {3a are: (9) 

=1 {3a = 1. 41 8=2 {3a= 3.0 8=0 {3a= 3. 32 
{3a= 7.016 
{3a=1O.173 

{3a = 5.332 {3a= 6.75 
{3a = .536 {3a= 10. 15 

A" 9, Il, are constants dependino- upon the amplitude 
of the vibration and the particular mode3 
involved 

h is height of cylinder in feet 
n 1 frequency in cycle per econd 
a 1 radiu of cylinder in feet 
c 1 velocity of sound in feet per econd 

LO , GI T DIt AL VIBRATIO S 

E quation (6) will give a olution of the wave equa
tion for a ca e in which ,g, and {3 have any arbitrary 
combination of the allowed value. It will be u eful 
to tudy briefly certain p cial ca e , 

If {3a and 8 are each taken a zero, (6) reduce to 

1 
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and (7) becomes denoted by).... The relation between wave length, 
(9) sound velocity, and frequency is 

Fluid velocity parallel to the lon¢tudinal axis of the 
cylinder is obtained by differentiating (8) with respect 
to z. 

V z= - ~~ = -"1:.;Bo sin (g~z) cos (27rnt) (10) 

This expression applies to the case of longitudinal 
vibrations of a gas column in a tube closed at both 
ends. The sine term depending upon z acts merely 
as a coefficient for the cosine term depending upon time. 
Physically this means that the amplitude of the sinu
soidal velocity variation with time depends upon dis
tance along the axis of the tube. 

For z=O and z=h, equation (10) fulfills the condi
tion that velocity perpendicular to the end walls must 
always be zero. If g is taken as unity, a region of 

/0 

B 

\ 
~ ~ r=o-" 

-.......... --- 9 =1 
{J= 2.35 

~ I 
'" 

....... r---
s J / i'-.- r--

........ 

~ 
{!7 = / -

........... r~"-r----. r-' 9 = / 
jJ= O ,-2 

o I 2 3 4 5 
Inches of piston from top, h 

FIGURE I.-Sound·wave frequency in cylindrical chamber. Longitudinal waves. 
Air at 760 mm and 70° F . cylinder radius = 1.625 inches. 

maximum velocity variation will occur at the mid
point of the tube. For larger values of g there will 
be positions of zero velocity along the length of the 
tube separated by positions at which the amplitude 
of the velocity variation passes through a maximum 
value. The positions of zero velocity are called 
"nodes" and the positions of maximum velocity 
variation are called "loops." In general, the loops 
will be in regions of constant pressure and the nodes 
will correspond to regions of maximum pressure varia
tion. (See reference 1.) 

At a fixed position along the length of the tube, one 
cycle of the pressure wave will be completed in a time 
intervall/n. The distance traveled by a point on the 
wave in the time l/n is called the wave length and is 

c=n )... (11) 

For the case of longitudinail. vibrations in a closed 
tube, the wave length is 

(12) 

Figure 1 is a plot showing calculated frequency as !1. 

function of piston position in a Waukesha C.F.R. 

15 

/4 

13 

8 

c 

o 

'r- IJ =' 6.25· 
g =0 /', 

<.- -- '." 

r-- 'r--IJ = 5.25 -
g =0 

7t----, ,)8 

'r--IJ = 4.32 
9 = 0 0 IJ = 3.82 

a 

IJ = 4. /5 
g = 0 

s = 0 © fJ 
7.01 

== --a 

CW IJ '" 10.3 
a 

fJ = 3.c8 
g =0 CD fJ 

1.84/ 
== --a 

IJ = 2.35 
g = 0 S (ill) fl = 5.33 

a 
IJ = 1.85 

9 =0 @) fJ = 8.53 
a 

- IJ = 1. 132 t---
g = 0 EB fJ = 3.00 

a 

s = 2 (@ fl = 6.75 
a 

1-

~ fJ = /0./5 
a 

01<: 
Value of s 

3 ( Lines are projections 
of nadol surfaces) 

FIGURE 2.-Sound·wave frequency in cylindrical chamber. Transverse waves. 

<l>=A .. ~ J. (ftr) cos (s8) cos 7f z cos 2 .. nt 

8=0, I, 2 ..... . 
g=O. 1. 2 ..... . 

P' o· 
n=c h'+4h' 
r=a=1.625 inches 
h=height o( chamber 
n=(requency 
c=velocity o( sound 
a=radius o( cylinder 

engine, the cylinder containing air under atmospheric 
pressure. The lowest of the three curves is plotted 
for the simple case discussed above. Since {3 is made 
zero for this case, the frequency must be independent 
of the cylinder diameter. If any others of the allowed 
values of {3 are selected, the vibrations become more 
complicated and the corresponding value of frequency 
will depend upon cylinder diameter. The two upper 
curves are plotted for values of {3 as indicated. 
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TRANSVERSE VIBRATIONS 

In equation (6), if g is made zero the resulting values 
of ¢ will be independent of the height of the cylinder. 
The wave systems may be represented in two dimen
sions; in fact, the vibrations are strictly analogous to the 
waves that occur on the surface of water contained in a 
circular vessel. 

If both g and 8 are made zero, the vibrations will be 
independent of cylinder height and of angular position, 
i.e., the pressure waves will be symmetrical. For the 
lowest allowed value of {3 the only nodal surface will 
be at the cylinder wall, which must always be a node. 
For the next highest allowed value of {3 there will be 
one cylindrical nodal surface in addition to the wall 
itself; the third allowed value of {3 will correspond to 
the case of two cylindrical nodes, etc. 

For the case of 8=1 there will be one nodal sUl'face 
in the form of a plane passing through the axis of the 
cylinder. In general, there will be a number of 
equally spaced nodal planes equal to the value of 8. 

The various combinations of values of 8 and {3 will 
give corresponding combinations of nodal planes and 
nodal circles. Since all the cases in which 8 is not zero 
show a variation in conditions with angle, these types 
of wave systems are called unsymmetrical modes. 

Figure 2 shows a summary of the lowest frequency 
transverse modes of vibration for the C.F.R. engine 
cylinder containing air at atmospheric pressure. The 
corresponding nodal surfaces are indicated diagram
matically in the same figure. 

The diagrams of figure 3 (obtained from reference 
9) show the forms of the lines of equal pressure, to 
which the motions of the particles are orthogonal, for 
two transverse modes of vibration. Diagram (a) 
shows the equal pressure lines for the case of a single 
nodal plane. Diagram (b) shows the case in which one 
nodal cylinder exists in addition to the nodal plane. 
If the full lines represent instantaneous pressures above 
the equilibrium pressure, the dotted lines will represent 
pressures below the equilibrium pressure. 

Since the circle is a symmetrical shape, there can be 
no reason based on the form of the circular cylinder 
for the existence of unsymmetrical modes of vibration. 
In the unsymmetrical cases, the position of the nodal 
plane must be determined by the manner in which 
the vibrations are excited. For an engine cylinder, 
unsymmetrical vibration modes could be produced 
by local disturbances occurring near the cylinder wall. 
The angular positions of these disturbances would 
determine orientation of the resulting nodal planes. 
Thus, it would be expected that a single local disturb
ance occurring near the cylinder wall would set up the 
first unsymmetrical mode of vibration with the nodal 
plane at right angles to the diameter upon which the 
disturbance occurs. 

GENERAL MODES OF VIBRATION 

In general, any combination of longitudinal and 
transverse vibration may occur that corresponds to 
allowed values of g, 8, and {3. The corresponding 
nodal surfaces may become very complicated but 
they always consist of combinations of the simple 
types considered above. 

RELATION BETWEEN FREQUENCY AND CYLINDER CHA RGE 
CONDITIONS 

Equation (11) gives the relation between sound 
velocity, wave length, and frequency in an elastic 
medium. For the case of pressure waves within an 
engine cylinder, wave length- for a given mode
will depend upon the size and shape of the cylinder 
and the combustion chamber. If the engine is of the 
valve-in-head type with both the head and piston fiat, 
the theory outlined above may be applied. By use 
of equation (11) with equation (7) the various wave 
lengths corresponding to simple modes of vibration 

(a) (b) 

FIGURE a.-Lines of constant pressure for two transverse modes of vibration in 
circular cylinder: <aJ ingle nodal plane; (bJ one nodal cylinder in addition to 
nodal plane. 

may be estimated. The expreSSIOn for wave length 
becomes 

(13) 

For the special case of g=O, (13) becomes 

271' :?71' 
'A ={i = (f3a) a (14) 

where f3a may take any of the values allowed by (6). 
If the first unsymmetrical mode of vibration is 

considered 
271' 

"A=-4a =3.41a 
1. 

(15) 

In the engine cycle, piston position changes in a 
known manner "rith crank angle, so that size and 
shape of the enclosed chamber are completely deter
mined at any instant. On the other hand, sound 
velocity depends on conditions in the cylinder charge. 
Through proper measurements, it is possible to esti-
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mate instantaneou values of ound velocity with a 
reasonable degree of accuracy. A continuous record 
of pre sure-wave frequency may be easily obtained. 
By combination of the frequency data with calculated 
sound velocities in equation (ll) the corresponding 
value of wave length may be obtained. Comparison 
of the wave length determined in this manner with 
values computed from cylinder dimensions for dif
ferent modes, will serve to indicate which mode is 
excited in a given ca e. For complicated modes 
difficulty may be encountered in carrying out this 
proce s, however, for the impler ca es, wave-length 
difference are so great that definite results can be 
attained. 

The relation between the variables concerned i 
found by combining equation (3) with equation (ll ) 
to obtain 

n = ! / 'YPo 
f,. -V Po 

(16) 

Equations (13) and (16) summarize the prediction 
of simple sound theory with regard to the vibration 

o 

FIGURE 4.- M.I. '1'. raLe oC cbange oC pressure indicator. 

frequency of resonant wave sy terns in a right circular 
cylinder with flat ends. 

It will be hown that experiment produce re ult 
con is tent with calculations ba ed on sound theory. 
This agreement indicate that simple sound theory 
may be applied to the pre sure-wave phenomena which 
accompany detonation . 

The following ection will outline the experimental 
methods and apparatu used in obtaining the necessary 
data. 

APPAR ATUS 

GENERAL 

The experimental work requll:es, in addition to the 
ordinary laboratory equipment for engine re earch, 
apparatu for preci e mea urement of equilibrium pres
sure and an instrument to determine pre lIl'e-wave 
freq uencies in the engine cylinder. 

PRESSURE MEAS REME TS 

The M .LT. engine indicator gave satisfactory 
record for pre ure determinations. The in trument 
is described in a recent article (reference 12). In 
operation, the M.LT. engine indicator supplie a 
spark record made on a rotating drum imilar to that 
of the Farnboro indicator. (ee reference 2.) The 
sen itive unit is of the balanced pressure type usi ng a 
diaphragm in the manner of the Bureau of Standards 

indicator. An electrical circuit incorporating a General 
Electric Thyratron tube produces a spark of sufficient 
intensity for recording purposes. The circuit is con
trolled by the make or break of contact between a 
thin steel diapllTagm and an insulated contact. ince 
only the grid current of the Thyratron flows between 
the contact and the diaphragm, satisfactory operation 
is possible over relatively long periods of time. An 
extend d series of tests has shown that the M .LT. 
indicator is both accurate and reliable. 

FREQUENCY MEASUREMENTS 

An instrument 1 for recording pressure-wave fre
quencies wa developed especially for use in detonation 
work. This device has three component parts: 

(a) A unit sensitive to pres ure changes. 
(b) A vacuum-tube amplifier. 
(c) An oscillograph. 
Sensitive unit.- Figure 4 shows a cro ection of the 

indicator unit. An exciting winding E i carried by a 
core C of cold-rolled steel. The projecting end of C, 
with a cylindrical opening in the shell S, forms an 
annular air gap A. A diaphragm D of heat-treated 
alloy steel is rolled into the steel hell S and carries 
the moving coil M at the end of a small pillar. The 
coil is wound on a very light spider of aluminum alloy, 
The complete assembly of the diaplU'agm and coil 
weighs Ie s than 2.5 gram. A copper tube T is 
mounted in a bakelite insulater I so that its opening 
lines up with a central hole in the COl'O C, through 
which cooling all· is supplied to the moving coil a -
sembly. The cooling air is di charged through a 
series of openings F in the shell S. The central ail' 
passage also serves as a means of bringing the in
sulated lead from M out to T, which acts a one 
electrical terminal. 

The moving coil indicator depend upon the vol tage 
generated in a wire when that wll'e is made to cut 
lines of magnetic flux. This voltage i rlirectly pro
portional to the rate at which fi.1L,{ lines are cu t by the 
wire. In the pre ent case, the velocity of the coil will 
depend upon the rate of change of pre me in the 
engine cylinder. The induced yoltage will be a 
function of the rate of change of pre sure, rather 
than of the magnitude of the pre sure. A certain 
reaction on the constant magnetic fielel of the air gap 
will result from current flowing either in the pick-up 
coil itself or in the metallic cylinder carrying the coil. 
Since the coil currents are mall no seriou error i to 
be expected from this source. A eries of tests were 
made u ing coil-carrying cylinder with slot parallel 
to the a:\.'is of the hell and extending almo t to the 
base of the coil showed no detectible effect on the 

I Tbe indicator described in tbe present paper was de"eloped witbout knowledge 
oC the work oC Prof. Augustus Trowbridge oC Princeton University. (Trans. oC 
Society of Automotive Engineers, \'01. 17. t . I, 1922.) The writer wishes to call 
attention to Lbe priority oC ProCessor Trowbridge in the con truction oC a moving 
coil indicaLor Cor engine research. 
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records as compared with coils wound on solid shells. 
This result justifies the conclusion that no consider
able error is present from currents induced in the 
metal of the coil structure. 

Amplifier.- Experiment showed that satisfactory 
equipment should be able to produce records over a 
frequency range of 3,000 to 10,000 cycles per second. 
In practice, the sensitive units do not produce suf
ficient current to operate a suitable oscillograph 
directly. This difficulty was overcome by the con
struction of a two-stage resistance coupled amplifier 
having a reasonably linear output-current range of 
about 400 milliamperes. The amplifier was adapted 
for use with the General Motors indicator (sec refer
ence 13) as well as the moving coil indicators. 

Figure 5 is a diagram of the p.mplifier unit. A 
single screen grid tube is coupled by the resistance 
Rc ,'lith an output stage of 6 tubes in parallel. Plate 
voltage for the fir t stage is supplied by a battery of 
dry cell ,while a bank of storage batteries furnishes cur

Note: R; t o fit inpuf 

Rc VR 

150,000fJ 55 v 

cOO, 000" .9.9 v 
c50, 000 fJ I c5 v 

tude to the applied primary voltage multiplied by 
the ratio of the number of turns on the secondary to 
the number of turns on the primary. The argument 
outlined above ,vill apply in any case for which the 
voltage applied to the primary is never constant over 
a time interval comparable to a reasonably small 
fraction of the time constant of the primary circuit. 
(See reference 14.) 

A series of tests were made with a "square wave" 
voltage impressed on the primary of the input trans
former. These tests showed that the amplifier and 
coupling tran former ystem will transmit satisfactorily 
an arbitrary voltage variation if the disturbance is 
completed in a sufficiently short time. Using the input 
transformer and amplifier without the output trans
former, the time requirement is uch that a good repro
duction of the rate of change of pressure card, as dis
tincL from Lhe pressure waves of detonation, can be 
obtained at engine speeds over 800 revolutions per 
minute. Throughout the work all data were taken 

6245 tubes 

-8 

+A 

t-----f:-JI"'t--'~ +0 - A 
~--4ANV~AN~~L---~ 

3 point . 
top switch' Ronge f"or 500 V 

Note: T mdico fes ftme delay switch 
closing plate cirCUli c.5 minutes 
offer f ilament cir cuit is c losed 

rent for the output stage. The 
grid I! ')iasing potentiometer A 
mak·~ it possible to obtain any 
desll 1 dll'ect-current component 
in the output tubes as measured 
by the meter Ip. ince the ampli
fier is ordinarily coupled clll'ectly 
to an oscillograph vibrator, a bal
ancing arrangement consisting of 
the rheostat E and a torage bat
tery connected to the tap switch 
N is used to reduce thp- direct-cur
rent component in the output 
cire-uit to zero. The correct ad
justment is indicated by the sen
sitive galvanometer G. A meter 
V connected to a three-point tap 
switch B is useful in checking 
filament and plate voltages dur
ing operation. 

FIOURE 5.- Amplifier used in making detonation records. 

In practice, u able record may be obtained by con
necting the moving coil directly to the amplifier input 
and the 0 cillograph directly to the amplifier output. 
The records made with direct coupling were upple
mented with records made using specially wound 
input and output transformer. In general, a tran -
former so con tructed that the cJ.me flux link each 
turn of the primary and each turn of the secondary, 
will have the same voltage inducetl in every turn of 
both windings by changes in the linking flux. If the 
primary circuit ha a small resistance, while its in
ductance is high, the re istance drop may be neglected 
in comparison with the self-induced voltage of the 
winding for sufficiently rapid changes in primary 
current. nder these conditions the induced primary 
voltage may be taken as equal in magnitude to the 
externally applied primary voltage and consequently 
the induced secondary voltage will be equal in magni-

75007-34- 2 

from 2 set of record, 1 set made with the amplifier 
alone and a econd set ,'lith the input transformer and 
amplifier but without the output transformer. There 
are no observable difference between the two et of 
record 0 far a detonation frequencie are concerned, 
but the increa cd sen itivity re ulting from use of the 
input tran former produce record more luted to 
direct in pection without enlargement. 

Oseillograph.- The problem of making a continuous 
record of pres ure-,mve frequencies accompanying 
detonation led to the con truction of a pecial oscil
lograph capable of re olving frequencie over 10,000 
cycles per econd and including a number of ucce ive 
engine cycle on the ame record. Thi 0 cillograph i 
described in an article by the author and Mr. D. G. C. 
Luck (reference 4). 

The instrument takes advantage of a short distance 
between the oscillograph mirror and the recording 
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film to obtain good photographic records at high effec
tive film speeds. It is possible to use lengths of motion 
picture film up to 40 feet. 

Combined amplifier and oscillograph system.
Figure 6 is an experimen tally determined sen itivity 

25 
;~ 

7 ~ 
I 

j '\ 
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11 '\ 

I\.. 
'\ 
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1",\ 

l'\ 
~ -h> ---c 

o 2 3 4 5 6 
Frequency in kilocycles 

FIGURE 6.-Sensitivity of amplifier·oscillograph system. Amplifier with output 
and input transformers. 

curve for the amplifier-oscillograph system with 
coupling tran formers. 

The nonlinear nature of the respon e is undesirable, 
bu t if frequency data only are to be con idered, 
no difficulty is introduced 
so long as consideration is 
limited to simple wave 
forms. An extended eries 
of te ts showed the appara
tus to be free from any tend
ency toward self-oscillation. 

c. F. R. Engine 

both ca es the cylinder head and piston were fiat and 
the combustion chamber had the same bore as the 
cylinder proper. The bore of the C.F.R. engine wa 
3X inche while the .A.C.A. engine had a bore of 5 
inches. Figure 7 indicates diagrammatically the 
experimental arrangement with the C.F.R. engine. 
All runs were made with the indicator units located 
directly acros the cylinder from a single spark plug. 
The records showing detonation were taken under con
dition of moderate intensity as judged by car. 

Figures 8 and 9 show two set of pecimen records, 
one made without detonation and the other with deto
nation present. Figure 8 hows comparable records 
taken with the M.LT. indicator, the General Motors 
indicator and the rate of change of pre sure indicator 
during normal operation of the C.F.R. engine. Figure 
9 is a set of records like that of figure 8 except that the 
C.F.R. engine was operating with detonation induced 
by the addition of 1 percent ethyl nitrite to the fuel. 
In this case, the M.LT. indicator record ha a greatly 
extended line of points near maximum pre ure corre
sponding to the sudden pre ure rise characteri tic of 
detonation. It will be noticed that the expansion 
line starts from about the same pressure as in normal 
operation . but has its points somewhat more widely 
di persed. The high peak pressures without a corre-
ponding change in the expansion line are proof that 

the high pres m'e is a local phenomenon rather than a 
general cylinder pre sure. Figure 10 is a compo ite 

battery 

I 
I 

--If 

)Imp lifl"e r 
d . c.or a.c . 

input 

out 

r---------------------~ 

Oscillograph 

It was found in pra tice 
that sufficient coupling e:xi ts 
between the ignition circuit 
of the engine and the indi
cator sy tern to give a re
liable reference point on the 
oscillograph record for each 
engine cycle. The mao-ni
tude of the park pickup 
effect can be varied over a 
considerable range by the 
proper application of elec
trical hielding or by alter
ation of the input circuit of 
the amplifier. 

FIGURE 7.-Diagram of connections for LI.T. rate of change pr ure of indicator. 

EXPERIME TAL WORK 

General.- Records of pre ure and frequencie' were 
taken from two engines, one a Waukesha .F.R. 
engine and the other an .A.C.A. universal te t 
engine equipped with a special cylinder head. In 

enlargemen t to the arne crank angle scale of the 
General Motors indicator record and the rate of 
change of pre ure indicator record taken from figure 9. 
These records how that these two instruments which 
are widely difIerent in con trllction indicate the arne 
frequency during detonation. 

---~---- -----
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Detonation frequency measurements.-Oscillograms 
were made for each engine using the moving-coil 
indicator. Check runs were made in both ca es using 
a "blind plug" adapted to shield the sen itive unit 
from ga pre ures. Records made under this latter 
condition showed no trace of the cylinder re onance 
frequency. Frequency data to be u ed for compari on 
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.'.' 
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eems certain that variations from cycle to cycle in 
engine operation are responsible for a major portion 
of the observed dispersion of the point in the indi
cator record. 

In order to obtain good values, only pressure data 
taken' for crank angles well after top center were used 
in the calculations. 

M.I.T. Indioator 

140 7Z0 /()() dO 60 4-0 z"tJ Tc 
Oe'jTI!e:J Qfter t(1P center 

G .II. Indicator 

----------------------

-_/ ---___ f"-- M. I.T. dp/dt Ind1oator 

--~--------------------------------------------------------------------------------~ 

FIGURE Indicator records token 'lurin~ notmaJ engine operation. C.F.R. engine speed, 1,200 r.p.m. 

with computed values were taken from the record of 
figure II. 

Pressure measurements.- Figures and 9 how the 
type of records obtained with the M.I.T. indicator. 
The disper ' ion of point on the combu tion line may 
be varied by mixture ratio adjustment and control of 
the engine intake. Tests on certain engines have 
shown records with well-defined combustion lines so it 

Measurement of indicator natural frequency.--N 0 

mean for determination of a complete frequency
re pon e curve of the moving coil unit wa available. 
However, it wa found that the natural frequency of 
the diaphragm could be excited by the impact of a 
hardened-steel ball driven by compressed air. 

Records made with the usmi.l equipment showed the 
natural frequency of the diaphragm and coil system 
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to be between 10,000 and 11,000 cycles per second. 
In all cases the disturbance due to the impacL of the 
ball was entirely damped out in about one-thousandth 
of a second . In an engine running at 1,800 revolutions 
per minute one-thou andth of a second corresponds to 
about 10° of crank travel. To make sure that the 
effect of any possible transient in the indicator dia-

5 00 . 

. '. 

. '. 

.•. 

160 140 

~ --------

'I 
~~~ 

I ' 

color after an extended period of operation in a 
dotonating engine. The temperature corresponding 
to a straw" temper color" is Ie s than 500 0 F., 0 it is 
valid to conclude that under operating conditions the 
diaphragm never reached this temperature. Experi
ments carried out at -i.LT. have shown that the 
variation in the eln tic modulu of teel is less than 10 

.' .. " . 
. ' 

" . ... ~ .. . .. : . 
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:: . 
~ ...... 
" I 
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M.I.T. Indicator 

.. , . 

G.1i. Indioator 
~ 

II' 

J 
M.LT. cp/dt Indicator 

FIGUHE 9.- Indicator records taken during detonation induced by add ition of ethyl nitrite to the fuel. C.F.R. engine, 1,200 r .p.m. 

phragm was negligible, data were taken from the 
records only after a minimum of 30 crank degrees had 
pas ed since the initial impulse. 

The pos ible effect of temperature on the elastic 
properties of the indicator diaphragm was con
idered. It was found that the outer surface of a 

polished indicator diaphragm showed at worst a straw 

percent up to a temperature of 500° F. (reference 15). 
ince the ela tic modulus enters as a square root into 

the expression for the natural frequency of a dia
phragm (reference 7) the natural frequency of the 
moving system in the indicator could not have been 
affected by more than 5 percent at operating tem
peratures. On the basis of these results it i certain 

I 

J 
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G.Y. Indioator 

• 

H. I .T. dp/ dt Ind1oator 

FIGL"RE IO.- Composile enlargement of records showing detonation frequency. 

60· . 70 · BO° saO 100 0 HO· 
I I I I I 

(Enlarged p rint) 

Degr ees, AX. C.-l0· 20· 30° 40 0 SOD 60 0 10° BOo .90° 100 0 nOo 120"130°140 ° t'- -'f'-loosec 
, - , - - - r---f ,- ~ - r T • I 

Spark } ~ Top center (Contact print) 

FIGURE 1l.- C.F .R. engine. N.A.C.A. universal test engine. Detonation frequency records. 
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I 
h 

I 

-l--
r = 1. 625" 
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h=O.98"; crank anl(le=300. 

, t .' • ! • 

\i... J. • h=2.18"; crank onl(le=60°. 
, . . . 

h~3A5"; «rank ongle=90° 

h=4.45"; crnnk anl:le=l20°. 

FIGUItE 12.-Recorded sound waves in cylinder due to e\plosion of primer. 

NOTE.- The film speed used for these records was 225 inches per second. 
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that the natural frequency of the indicator diaphragm 
was well above any frequency found in the engine 
detonation records. 

Measurement of cylinder-resonance frequency.
Determination of the \'ibrat.ion mode excited in the 
gus enclosed by a cylindrr involvrs measurement of 
frequency under Imown conditions of pressure and 
density. This problem was attacked for the present 
case by explosion of the primer from a pistol shell 
within the engine cylinder. The primer was exploded 
near the cylinder wall with the moving-coil indicator 
located diametrically opposite. Records were made 
with air at atmospheric pressure for six diITerent 
crank positions of the C.F.R. engine. 

The os cillo grams resulting from this procedure are 
shown in figure 12. 

DISCUSSION OF DATA 

Calculation of cylinder-resonance frequency on the 
basi of simple sound theory involves the use of 
equa,tion (16). The necessary data are simultaneous 
values of equilibrium pressure Po, equilibrium density 
Po, ratio of specific heats y, and wave length X. 

DETERMINATION OF WAVE LENGTH 

Theory indicates that for a given mode, the wave 
length of standing wa ves in a yrssel with rigid walls is a 
function only of the size and shape of the enclosure. 
Theory also shows the relation between wave length 
and frequency for the present case. It seems reason
able to assume that for ,L giyen chamber, the same 
mode of vibration will be excited by It certain type of 
disturbance, no matter what the constants of the 
enclosed elastic medium. On this basis it seemed 
probable that a pistol primer eAplodecl ncar the 
cylinder wall would set up the saml' type of waye 
system as that excited by the rapid burning of a 
similarly located portion of the cylinder charge in 
detonation. For the operating engine, the excitation 
of pressure waves must occur with the piston near its 
upper position. To have an analogolls case for the 
pistol-primer explosion the experiment should be 
carried out with the piston nrnr its top-center position. 

The two upper records of figure 11 show the fre
quency resulting from e)..-plosion of a pistol primer 
near the cylinder wall for cmnk angles less than 30 D

• 

The measured frequency is about 2,600 cycles per 
second. Figure 1 indicates that for corresponding 
conditions, the lowest longitudinal frequency is 
about 6,500 cycles per second. It follows that the 
mode actually excited is not a longitudinal mode. 
On the other hand, figure 2 shows that the frequency 
of one transverse mode is about 2,400 cycles per 
second, the next lowest frequency being about 4,000 
cycles per second. Evidently the mode excited by 
the pistol primer is the first unsynunetrical mode with 
one nodal plane, as indicated in figure 3 (a). 

The small discrepancy between the measured and 
calculated frequencies may be attributed to the 
increase in air temperature resulting from energy 
liberated by the pistol-primer explosion. 

The theory indicates that the longitudinal fre
quencies are not necessarily multiples of the trans
verse frequencies, so the wave form for a case in which 
both transverse and longitudinal frequencies are 
excited will not repeat itself on the record. The 
nature of the phenomenon thus makes exact fre
quency estimates difficult; however, the oscillograms 
of figure 12 for chamber heights of 2.2 and 3.5 inches 
show beat frequencies of about 550 cycles per second 
and 650 cycles per second, respectively. If it is 
assumed in each case that the beats are due to com
bination of two frequencies, one of which is 2,600 
cycles per second, the second frequency would be 
2,600±550=3,150, Ql' 2,050 cycles per second for 
h=2.2 inches and 2,600±650=3,250, or 1,950 cycles 
per second for 11,=3.5 inches. Figure 1 shows the 
simple longitudinal mode corresponding to a fre
quency of 3,200 cycles per second for the first case 
(corresponding to the higher frequency) and of 1,950 
cycles per second in the second case (corresponding 
to the lower frequency). The e}..-perimental results 
thus show that, for a chamber of height comparable 
with the cylinder diameter, both longitudinal and 
transverse modes are actually excited. 

If the first unsymmetrical mode of vibration is 
excited with the piston near its top-center position, 
it is reasonable to expect that this mode would persist 
as the piston travels downward. For the case in 
which no further excitation occurs, the simple wave 
form of the pressure-time record should be preserved 
during the piston descent. 

On the basis of the considerations outlined nhove, 
detonation pressure-wave frequency was a SlImed to be 
due to the first unsymmetrical transverse mode. 
The corresponding wave length as computed by 
equalion (15) wa used in the frequency calculations. 
This wave length depends sin1ply on the cylinder 
<liameter and will introduce no appreciable uncer
tainty in the calculated frequency. 

DETERMI ATIO OF CHARGE DENSITY 

For any given cycle in the 4- troke-cycle engine, the 
cylinder charge is compo cd of exhau t gas left in the 
clearance space from the preceding cycle, air from the 
atmosphere, and fuel vapor. Once the intake valve 
is closed, the weight of gas within the cylinder is 
constant throughout the compres ion and power 
trokes except for leakage. No experimental work 

on the problem of leakagp was carried out in the 
pre ent case. In the absence of better information, 
it was assumed that leakage did not affect the results 
more than 2 percent. 
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Computation of the weight of exhaust gas left in the 
clearance space involve a knowledge of the molecular 
weight of this gas and its temperature. Following 
the data given by Pye in reference 2, 9000 C. seems to 
be a reasonable value for the temperature. Study of a 
number of exhaust-gas analyses leads to the selection 
of 28 as a good average value for the molecular weight. 
(See reference 16.) The residual gases furnish ome
what les than one-tenth of the total cylinder charge 
so that an assumed 10-percent error in their quantity 
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FIGGRE 13.-Variation of O. and l' with change of temperature and mi xture ralio. 
Data taken from reference 15. Gas composition: 

Mixture 12:1 14.5:1 

00,_______ __________ .2 11.7 
0,_________ ___ _____ __ .5 1. 0 
00____ ______________ 6.1 1.0 
OHL____ ________ ___ .6 .1 
ll, _ _ __ ______________ 2. . 2 

2__ ________________ .8 73.4 
ll,O ________________ 13. 0 12.6 

would introdnce about 1-percent error III the final 
deo ity. 

For the C.F.R. engine experiments, an orifice was 
used in air-flow measurement. The re ulting data 
are certainly accurate to within 10 percent. A Roots 
blower type of air meter wa used in the .A.C.A. 
engine work. The results hould be valid to within 
2 percent. 

Fuel-flow measurements were made in the usual 
manner and hould introduce Ie than 1 percent error 
in the final 1'0 ult. 

Assuming that each uncertainty is as likely to be in 
one direction as the other, the resultant uncertainty 
in density will be equal to the square root of the sum 

of the squares of the component uncertainties. (See 
reference 17.) 

For the C.F.R. engine test the uncertainty in den ity 
will be ftbout 11 percent, while for the N .A.C.A. engine 
the corresponding uncertainty will be about 3 percent. 

DETEUM1 ATION OF PUES UUES 

Pressures may be read from the M.LT. indicator 
records to within 5 pounds over the portion of the 
cycle adopted for tudy. Pressure magnitudes are 
above 100 pounds per square inch absolute. It 
follows that the uncertainty in pre ure measurrmen t 
is less than 5 percent. 

DETEUMI ATION OF RATIO OF SPECIFI O H EATS 

The ratio of specific heats may be written 

OJ) 01' 
'Y - - - --- 0 , - Op - 1.gg (17) 

where p and O. are expres ed in gram calories per 
gram mol. (See reference 2.) 

Data are ayailable on 01' as a function of temperature 
for various ga e (reference 1). For temperature 
in excess of 1,800° C., the uncertainty in Op i rather 
laI·ge. However, for temperatures less than this 
value, Ea tman (reference 18) estimates that the 
uncertain tie in the value of Op for the gases CO2, 

H20, Nz, CO, etc., arc all les than 3 percent. Cal
culations in the pt'e en t report were limited to a 
range of the expansion troke for which temperatures 
estimated from the ga law were between 1,600° and 
2,100° C. Under these circum tallces, it seems 
rea onu hIe to a mne that the 01' values for the 
cylinder charge are known to within 6 percent. 

An estimate of the uncertainty in the final result, 
made in the usual manner, show that 01'/0. hould 
be within about 2 percent of its true value. (ee 
reference 17. ) 

Figure 13 is a plot, based on Eastman's data, of 
Op and 'Y against temperature. 

DIRECT MEASURE MEl T OF FREQUENCI ES 

Data were taken from the records of detonation 
pressure-wave frequencies only for crank angles well 
after the initial exciting impulse. Tbi procedlll'e 
aliminated the eITects of possible transients in the 
indicating apparatus. 

In maIling frequency estimates, the record was 
measured over a period from 5° before to 5° after the 
crank angle considered. Since the variation in fre
quency over a 10° crank interval wa of the order of 
2 percent, the procedure used could not introduce 
ftny very serious error in the final result. 

A microscope comparator was used to measure 
frequencies from the record. The .A.C.A. engine 
records were taken with a film speed of about 225 
inches per second. At this speed it is po sible to 
obtain check frequency readings to about 2 percent. 

_____ ~ _____ . _ J 
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The C.F.R. engine records were made with somewhat 
lower film speeds and the uncertainty in the measured 
frequencies is about 5 percent. 

PRECISION ESTIMATE 

Equation (16) shows that Po, Po, and 'Y each occur 
under a square-root sign in the calculation of pressure
wave frequency. It follows (reference 17) that a 
I-percent uncertainty in anyone of the three quanti
ties will introduce but one-haH-percent uncertainty in 
the computed value of frequency. Using the assump
tion of equally likely positive and negative errors in 
each case, the resultant uncertainty in frequency will 
be the square root of the sum of the squares of the 
individual components. Table I is a summary of 
precision data for both the experimental cases. 

The resultant uncertainty of frequency calculated 
from the O.F.R. engine data is about 7 percent. The 
corresponding uncertainty in calculated frequency for 
the .A.C.A. engine is about 4 percent. 

DISCUSSION OF RESULTS 

Table II is a summary of results from the N.A.C.A. 
engine data. The second, third, and fourth columns 
give the estimated values of Po, Po, and Op/Ov while the 
last two columns contain the cnlculated and observed 
frequencies for the same crank angles. 

Figure 14 contains plots of measured and calculated 
frequencies against crank angle for both the experi
mental cases. Certain points on the C.F.R. engine 
frequency curve were checked 2 or 3 times in separate 
runs with alterations in the indicating system. The 
results of these individual runs are shown as di tinct 
points on the plot. 

Oalculated values agree with the experimental value 
within an average of about 6 percent for the O.F.R. 
engine curves and within 3 percent for the N .A.O.A. 
engine curves. The results of experiment thu check 
with the predictions of simple sound theory within the 
experimental uncertainty for two engines with a rela
tively large difference in cylinder ize. 

CONCLUSIONS 

The work outlined leads to the following conclusion 
with regard to detonation in the internal combustion 
engme: 

(1) Detonation is accompanied by pre sure wavcs 
within the cylinder charge. 

(2) These pressure waves follow the laws of simple 
sound theory. 

(3) Resonance phenomena within the cylinder 
charge determine the pressure-wave frequencies. 

GENERAL DISCUSSION 

At first glance it seems remarkable that the experi
mental procedure should produce results agreeing so 
closely with the predictions of an approximate mathe-

matical treatment. However, the assumptions used 
in development of simple sound theory are similar to 
the approximations made when Hooke's law is used 
in the theory of elasticity. In both cases the essence 
of the matter is that attention is limited to relatively 
small disturbances from the equilibrimn state. Ap
plied to the present study, this means that for not too 
severe conditions, the pressure changes involved in 
the cylinder pressure waves are small compared to the 
absolute pressure existing in thc cylinder. The 
oscillograph records used for frequency determinations 
are of little value for direct study of pressure mag-
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nitudes in the waves. However, a reasonably good 
e timate of the pre suro existing in the wave front 
has been made by 111'. John P. Elting ( ee appendix), 
who ba es hi 1'0 uIt on the amplitude of particle mo
tion in the \\'a"e itS hOW'Il in flame photocrraplls. 111'. 
Elting's work indicate that the maximum pre sure 
above equilibrium in the wave is about 25 pounds per 
quare inch . Comparing this with an equilibrium 

pres me of 415 pound per square inch absolute, show 
the wave involve changes which are of the order of 5 
percent of the total pres ure. Thi evidence from an 
independent experin1ental method confirm the pre
diction of sound theory. 

An examination of the initial pres ure ri e accom
panying detonation requires a knowledge of the indica
tor-sy tem response to sudden nonrepeating pressure . 
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It is probable that theoretical treatment of the initial 
disturbance and of the problems entering under condi
tions of intense detonation will necessitate methods tak
ing into account relatively high wave-front pressures. 

It is obvious from the theoretical discussion that 
any change in the size or shape of the combustion 
chamber will alter the resulting pressure-wave record. 
Under the limitations of present mathematical knowl
edge, the range of forms for which a rigorous theoretical 
treatment may be developed is rather small. Studies 
of free liquid surfaces in models might yield interesting 
results for combustion chambers of irregular shapes. 
If the matter proves to be of sufficient importance, it is 
probable that graphical methods similar to those of 
optics might be developed. 

Theory predicts that the pressure-wave system 
excited in a particular case will depend upon the loca
tion of the initial impulse. It is thus to be expected 
that the shape of the pressure-wave records for a 
given cylinder will depend upon the location of the 
detonating portion of the charge; hence upon the 
number and relative positions of spark plugs. Since 
the wave system exists in the cylinder charge for a 
comparatively long time, any general motion of the 
charge will alter the relation between a necessarily 
stationary indicator and the nodal surfaces of the 
waves. The resulting record will be complicated by 
the variation in wave amplitude due to orientation 
changes, in addition to the normal decrease between 
successive cycles. 

A paper published early in 1933 by Professor 
Wawrziniok (reference 19) describes certain experi
ments carried out on the noises accompanying explo
sions of fuels. This reference was received after the 
work reported above was completed. 

The experiments of Profe or Wawrziniok were 
carried out in closed chambers, the sound frequencies 
being measured with suitable apparatus placed in the 
free air outside the chamber. These chambers had 
lengths somewhat longer than their diameters and 
the ignition spark occurred near the middle of one end 
wall. Additional tests were made on sound frequencies 
resulting from a single fuel explosion within the cylin
der of an engine. 

Sound frequencies observed outside the closed 
chamber corresponded to resonant longitudinal waves 
within the chamber. The engine experiments led to 
the conclusion, "* * * the maximum length of the 
combustion chamber seems to be the determining 
factor in the development of noise." 

No quantitative data are available at present on the 
rates of change of pressure responsible for pressure
wave excitation in a detonating engine, so no compari
son can be made with the pressure changes measured 
in the closed chamber experiments. However, once 
the exciting impulse has subsided the resulting system 
of pressure waves in the engine should be determined 
by the same laws as in the closed chamber. On this 
basis, the results of the writer may be compared with 
those of Professor Wawrziniok. 

The records of figure 12 that were taken from pistol
primer explosions in the O.F.R. engine cylinder for 
various piston positions were made under "closed
chamber" conditions. For the cases in which cylinder 
diameter was over three times the chamber height, 
the record is due to transverse vibrations. As the 
cylinder height becomes approximately equal to the 
diameter, longitudinal frequencies appeared in addition 
to the transverse vibrations. These observations 
check nicely with the conclusions of Professor Wawrzi
niok and supply the amendment that chamber shape 
as well as maximum chamber length will affect the 
sound record. 

A systematic investigation of the effect of spark
plug location on the pressure-wave systems both in 
fixed bombs and in engine cylinders should furnish 
valuable information in connection with the general 
problem. 

The various problems suggested above are now being 
studied at the Massachusetts Institute of Technology. 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 

OAMBRIDGE, MASS., October 1933. 
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APPENDIX 

CALCULATION OF PRESSURES IN TH E SOUND WAVE 
FOLLOWING DETONATION 

By JOHN P. ELTING 

The general theory of sound provides a means of 
calculating the pressure existing in a sound wave if 
the displacement of the particles can be determined. 
A flame record that shows the sound trace after detona
tion permits such a measurement. The frequency 
and the velocity of the sound wave may also be deter
mined by a kn~wledge of the film speed and the length 
of the combustlOn chamber. 

A flame record is presented (fig. 15) showing detona
tion for which data were taken. An L-head engine 
was used having a shallow combustion chamber with 
rectangular boundaries. For a plane wave, the differ
ence in pressure between the average and that in the 
condensation of the wave is given by: 

P-Po= 21T,),n P x 
c 0 

(see reference 1, and reference 20), 

where n is the frequency 
c is the velocity of sound 

')' = ~, ratio of specific heats 

Po is the average pressure 

P is the pressure in the condensation 
x is the displacement of the particles 

In order to measure these quantities from the flame 
record, we see that: 

where 
L is the length of the combustion chamber 
d is the distance between timing marks 
T is the time interval represented by d 
D is the separation of successive wave traces 

and so 

Hence 

d 
n=TD 

P-Po= 1TLPoX 

where we remember that x is the actual displacement 
of the particles from equilibrium in the combustion 
chamber. 

The displacement x is considered to be equal to one
half the apparent motion of the flame. A mean value 

for several of the flames was obtained by direct 
measurement on the film with a comparator. Like
wise, the magnification ratio was also determined. 

The following quantities were obtained: 
Actual displacement of particles=0.12 inch 
Length of combustion chamber=7.00 inches 
Pressure from M.1. T . indicator (approx.) = 400 

Ib./sq.in. 
The ratio of specific heats taken from figure 13 = 1.27 

The computation: 
(1.27) (3.14) (400) (0.12)/(7)=27.4 pounds per 

square inch. This result shows that the order of 
magnitude of the pressures existing in the condensa
tion of the sound wave is about 25 to 30 pounds per 
square inch above the average pressure existing in the 
combustion chamber after detonation. 

The study of the combustion in the internal-com
bustion engine is being carried on by the author under 
the grant of the Sloan Automotive Fellowship, at 
the Massachusetts Institute of Technology. 
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TABLE I.-PRECl ION OF EXPERIME TAL DATA 

C.F.R. engine .A.C.A. engine 

Uncer· Uncer· 
Uncer· tainty in· Uncer· tainty in· 

Quantity tainty in troduced tainty in troduced 
Quantity in fre· Quantity in fre· 

quency quency 

---- ---------
Cp/C~ ........•.• 0.02 0.01 0.02 0.01 
po ••.•....•...•... .05 .03 .05 .03 
po~ ________________ .11 .06 .03 .02 
h ••••••••••••••••. 0 0 0 0 

TABLE n.--N.A.C.A. ENGI E- UMMARY OF DATA 
A D RESULTS 

- - -

Sound frequency I 

Up 
(cycles/second) 

Crank Charge Charge Sound 
angle density pressure C; velocity 

Crucu· Observed Inted 

-------------------------
Degrees Lb./clL·fl. Lb./sq. in. Ft./scc. 

55 0.183 270 1.24 2,900 4,000 4,120 
65 .156 225 I. 25 2, 70 4,050 4,040 
75 .136 180 I. 25 2,760 3,890 3,960 
85 .119 155 1. 26 2,740 3, 60 3,880 
90 .112 145 1. 26 2,740 3,seO --------
95 .106 135 1. 26 2,720 3,830 3,840 

105 .097 120 I. 20 2,660 3,750 3,820 
115 .090 105 1.27 2,610 3,680 3,780 
125 .085 98 1. 27 2,500 3,650 3,760 
135 .0 0 00 J. 27 2,560 3,010 3,690 

I The calcu1aled.frequency is based on the first transverse mode (8=1, 
u=O, 1/=1.13) . 

U.S GOVERNMENT PRINTING OFFICE: 1934 
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Z 
Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis 

Force 
(parallel 

Sym- to axis) 
Designation bol symbol 

LongitudinaL __ X X 
LateraL _______ } . y 
:::\ o. maL _______ z z 

Absolute coefficients of moment 

D, 
p, 
plD, 
F', 
l~., 

L !vI 
01 = qbS Om= qcS 
(rolling) (pitching) 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

1 

. 
:\loment about axis 

I 
.\.Jgle \-elocities 

Designation 

Rolling _____ 
Pitching ____ 
Y [l wing _____ 

lV 
0,,= qbS 
(yawing) 

I 

Sym-
bol 

L 
M 
t-; 

I Linear 
Posith-e Desiglla- Svm- (compo-
direction tion iJoi !lent along Angular 

axis) 
I 

r---z ROIL----I ¢ u p 
Z---X I F~it('h ____ 8 v q 
X---.}' lal\' _____ if! III r 

.-\.ngle of set of control surface (relative to neutral 
position), 0_ (Indicate surface by proper subscript.) 

4. PROPELLER SYMBOLS 

P, 

0., 

Power, absolute coefficient Op= pn~D5 
'jP "F5 

Speeu -power coefficient = -\ Pn2 

Efficiency 

T, Thrust, absolute coefficient OT= pnrDi 

1/, 

n, 

<1>, 

Re,olutions per second, r.p.s. 

Effecti,e helL\: angle = tan-1 (2;~n) 
Q, Torque, absolute coefficient 00 = p n~D6 

1 hp. = 76.04 kg-m/s = 550 ft-lb./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h_ = 0.4470 m.p.s. 
1 m.p.s. =2.23G9 m.p.h. 

5. NUMERICAL RELATIO.·S 

1 lb. = 0.4536 kg. 
1 kg = 2.20-16 lb. 
1 mi. = 1,609.35 m = 5,280 ft. 
1 m=3.2808 ft. 


